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Abstract Hybrid metal matrix syntactic foams (hybrid MMSFs) are particle reinforced 
composites in which the reinforcement is the combination of more than one grade of 
hollow spheres. The difference between the spheres can be in their chemical 
composition, dimension, physical properties etc. In this study AlSi12 matrix hybrid 
MMSFs with monomodal Globocer (Al2O3 and SiO2 based ceramic) and Globomet 
(pure Fe) reinforcements were produced by pressure infiltration. The investigation 
parameters were the ratio of the hollow sphere grades and the aspect ratio of the 
specimens. Microstructural investigations showed almost perfect infiltration and 
favourable interface layer, while quasi-static compression tests showed that the 
composition of the reinforcement and the aspect ratio of the specimens have 
determinative effect on the characteristic properties (compressive and flow strength, 
fracture strain, stiffness and absorbed energy). This nature of the MMSFs ensures 
the possibility to tailor their properties in order to optimise them for a given 
application. 
Keywords: Mechanical characterisation; Cellular materials; Metal matrix composites; 
Fracture; Syntactic foam 
1. Introduction 
Metal matrix syntactic foams (MMSFs) are special particle reinforced composites that 
consist of a metal matrix (usually some kind of Al or Mg alloy, to get maximal weight 
reduction) and a set of hollow, spherical particles. Most commonly the hollow spheres 
are built up from some sort of ceramic or metallic material and they are commercially 
available [1-5]. MMSFs have outstanding mechanical properties, like higher strength, 
stiffness and energy absorption capacity compared to other metallic foams, while 
their fracture strain is usually lower. Due to this, the MMSFs have promising 
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application possibilities as lightweight parts or as hulls of public and/or military 
vehicles [6, 7], as well as collision or vibration dampers. 
In most cases MMSFs are made by stir casting or infiltration. Stir casting is cheaper 
and faster, but it can only produce lower reinforcement volume fractions due to 
hollow sphere breakage caused by mechanical stirring [8-16]. In the case of 
infiltration two basic methods can be separated: gravity-fed infiltration (only in the 
case of wetting matrix – reinforcement systems [17-20]) and pressure-assisted 
infiltration (for non-wetting systems). In the latter case a threshold pressure must be 
overcome in order to get acceptable workpieces. The threshold pressure can be 
calculated (estimated) [21-28] or measured [29-31]. Pressure infiltration is capable of 
producing MMSFs with maximal (~64 vol%) hollow sphere volume fraction and better 
matrix dispersion, but it requires more investment and more sophisticated equipment 
[29, 30, 32-38]. In practice, usually one kind of hollow sphere set with monomodal 
diameter distribution is applied as reinforcement. Only a few efforts have been 
published about MMSFs with bimodal hollow sphere diameter distribution [39]. Daoud 
[10] produced closed cell foams by gas releasing method and added hollow spheres 
into the ZnAl12 base metal. This hybrid foam showed ductile compressive 
deformation and exhibited higher mechanical strength than pure ZnAl12 foams. Xia 
et al. [40] produced and investigated Al99.5 based closed cell foams with different 
kinds and contents of ceramic microspheres in the cell walls by melt-foaming method. 
They showed that the microspheres have a significant effect on the strength, the 
deformation capabilities and the energy absorption of the foams. However – 
according to the best knowledge of the authors – no research results have been 
published about other hybrid MMSFs containing at least two different reinforcement 
grades. The difference between the reinforcements can be in the mean dimension, 
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chemical composition, physical properties etc. For example, in the case of MMSFs 
the material of the spheres can be different: metal and ceramic hollow spheres can 
be combined. 
The most common loading mode of the foams is compression. Therefore the 
compressive properties of MMSFs have been widely studied and the quasi-static 
testing method has been standardised in DIN50134 [41]. Balch et al. [42, 43] 
examined the compressive properties and the load partitioning mechanisms in 
aluminium based syntactic foams (ASFs). According to their results optimised 
properties can be reached when the matrix and hollow spheres strengths are 
properly matched. Dou et al. [44] performed quasi-static and high strain rate 
compression tests on ASFs. The results showed distinct strain rate sensitivity. Goel 
et al. [45] investigated the dynamic compressive properties of ASFs. They showed 
that the compressive strength and energy absorption attained an optimum at a given 
strain rate. Kiser et al. [46] investigated ceramic hollow sphere reinforced ASFs under 
compressive loads. Uniaxial compressive failure has been initiated at small strains 
through the collapse of the material within a localized deformation band. Under 
constrained conditions, localization was suppressed and the flow stress increased 
monotonically. Different matrix (Mg and Zn alloys) syntactic foams were studied by 
Rohatgi et al., Daoud [8, 9, 47, 48] and Huang et al. [49, 50]. The hollow spheres 
decreased the density and the foams became stiffer and stronger, than the 
conventional ones. Castro and Nutt [20, 51] investigated the synthesis of steel matrix 
syntactic foams with Al2O3 hollow spheres. The MMSFs exhibited higher strength and 
energy absorption capacity than the steel foams reported previously. The 
compression and low-velocity impact behaviour of ASFs were also studied by the 
same research group [52]. Luong et al. [53-55] investigated the strain rate sensitivity 
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of Al and Mg based syntactic foams. The MMSFs showed higher strength and higher 
energy absorption capability at higher strain rates. Mondal et al. [13, 14] reported stir-
casted ASFs behaved like high strength Al foams under compressive deformation, 
both at room and elevated temperature. The plateau stress decreased with hollow 
sphere volume fraction, following a power law relationship. Neville and Rabiei [56] 
produced MMSFs by a powder metallurgy technique. The materials displayed 
superior strength to density and absorbed energy to density ratios [17, 57, 58]. 
Palmer et al. [32] studied the compressive properties of ASFs with different size 
ceramic hollow spheres and various Al alloy matrices. The alloy-sphere-temperature 
combinations gave potential for tailoring these materials for different applications. 
Peroni et al. [59, 60] investigated the mechanical behaviour of MMSFs made of 
hollow glass spheres mixed in iron matrix. The produced materials offered greatly 
increased quasi-static compressive strength, though at higher density. Rohatgi et al. 
[35] performed compressive tests on ASFs containing different volume fractions of 
hollow spheres. The strength and stiffness increased with the increasing density. The 
microstructure and quasi-static compressive mechanical properties of ASFs with 
Al2O3 hollow spheres were investigated and estimated by [61-63] in different 
conditions. The peak and plateau strength as well as the toughness of the foams 
increased with increasing wall thickness to diameter ratio. ASFs with additional Al 
particles were produced by Tao et al. [64, 65] via pressure infiltration. The ductility, 
the strength and the specific energy absorption capacity increased significantly. 
Different failure modes (progressive collapse and/or Griffith rupture) were observed in 
confined and unconfined compression as well. Wu et al. [66] performed quasi-static 
compression tests on ASFs: the annealed ASFs could deform plastically at a 
relatively high stress. A method was also established to show the relation between 
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the relative wall thickness of the hollow spheres and the compressive strength. 
Zhang and Zhao [36] investigated the mechanical response of ASFs with low-cost 
porous ceramic hollow spheres under static and dynamic conditions. The plateau 
strength and the absorbed energy were largely determined by the volume fraction of 
Al and to a lesser extent by the properties of the hollow spheres. Zou et al. [67] 
studied the dynamic mechanical behaviour of ASFs produced by pressure infiltration. 
During the deformation process, the ASFs exhibited good energy absorption 
capability. Orbulov et al. [68-71] investigated the characteristic properties 
(compressive strength, fracture strain, structural stiffness and absorbed energy) of 
ASFs. In these studies, versatile combinations of matrix materials, hollow sphere 
grades and testing conditions (aspect ratio, test temperature, heat treatment etc.) 
were applied. The results showed outstanding specific mechanical properties under 
any circumstances. 
The elastic properties of the MMSFs can be estimated via mathematical and 
mechanical considerations. Bardella et al. [72-75], Mondal et al. [76, 77] and Marur 
[78-81] investigated the analytical and numerical modelling of MMSFs. Their main 
aim was to predict the elastic properties and to model the load transfer of MMSFs in 
different circumstances, including interfacial quality. The interface layer was 
investigated experimentally by Orbulov et al. [82-84] on microstructural scale. 
Chemical exchange reactions were observed and confirmed that can alter the quality 
of the interface layer, and through this, have a serious effect on the mechanical 
properties. Moreover Orbulov et al [85, 86] gave the analytical description of the 
behaviour of ASFs that can be applied to model MMSF parts numerically. 
As it is presented above, the mechanical properties of MMSFs have been more or 
less widely measured, but data about hybrid MMSFs is lacking. Therefore the aim of 
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this paper is to give detailed introduction to the mechanical and microstructural 
properties of hybrid MMSFs. 
2. Materials and experimental methods 
2.1. Investigated materials and production method 
Near eutectic AlSi12 alloy (Al4047) was used as matrix material due to its low melting 
point (~575°C) and low viscosity. The measured chemical composition of the matrix 
was: 12.830 wt% Si, 0.127 wt% Fe, 0.002 wt% Cu, 0.005 wt% Mn, 0.010 wt% Mg, 
0.007 wt% Zn and the remaining was Al. This composition is in the range of the 
standardised nominal values [87]. The total amount of reinforcement was maintained 
at high level (~64 vol%) that corresponds to the randomly close packed structure 
(RCPS [88, 89]) in all cases. The reinforcement consisted of two different grades of 
hollow spheres (one ceramic and one metal) manufactured by Hollomet GmbH [1]. 
The ceramic hollow spheres (Globocer, GC) had the average diameter and wall 
thickness of Ø1425±42.2 µm and t=60±1.7 µm respectively, while their density was 
ρ=0.816 gcm-3. The chemical composition of the hollow sphere’s wall material was 33 
wt% Al2O3, 48 wt% SiO2 and 19 wt% 3Al2O3·2SiO2. The metallic hollow spheres 
(Globomet, GM) had the similar average diameter (Ø1413±21.5 µm) but smaller wall 
thickness (t=23±0.6 µm), while the density was ρ= 0.704 gcm-3. The fracture force of 
GC and GM grade hollow spheres between polished plates was 22.1±1.18 N and 
5.1±0.18 N (50-50 measurements) respectively, so the GC grade hollow spheres 
proved to be significantly stronger. The GC and GM grade hollow spheres showed 
brittle fracture and plastic failure, respectively. The ratio of the hollow spheres varied 
from 100% GC and 0% GM to 0% GC and 100% GM, in 20% steps. 
The hybrid ASFs were produced by inert gas (Ar) assisted pressure infiltration (Fig. 
1). First, the hollow sphere grades were hand-mixed carefully to reach uniform ratio 
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of them throughout. This could be ensured by hand-mixing, because the density 
difference between the grades is quite small. The mixed hollow spheres were poured 
into a graphite coated carbon steel mould (height: 360 mm, cross section: 40×60 
mm, wall thickness: 3 mm) to the half and they were compacted by gentle tapping to 
get RCPS (64 vol%, [88, 89]). Subsequently, a layer of alumina separator was placed 
on the hollow spheres and a block of matrix material was put on the mat. The mould 
was placed into the infiltration chamber; the furnace was closed and evacuated by a 
vacuum pump (rough vacuum). The heating was ensured by three heating zones and 
the temperatures of the matrix block and the hollow spheres were continuously 
monitored by two thermocouples. After melting and overheating to the infiltration 
temperature (625°C) the molten metal sealed the mould above the separator layer. 
The vacuum pump was switched off and Ar gas was let into the chamber with a 
previously set 400 kPa pressure. The pressure difference (400 kPa in the chamber 
and vacuum under the liquid) forced the molten metal to infiltrate into the space 
between the hollow spheres. The system was cooled down to 550°C in Ar gas. After 
solidification the mould was removed from the chamber and water cooled to room 
temperature. Then the ASF block (~40×60×180 mm) could be removed from the 
mould. For further details about the production process please, refer to [29, 68]. The 
blocks were designated after their constituents: e. g. 20GC+80GM stands for an ASF 
block with AlSi12 matrix and with ~64 vol% of hollow spheres that is mixed from 20 
vol% GC and 80 vol% GM grade hollow spheres respectively. The measured 
densities (ρm) of the blocks, determined by Archimedes’ method, are listed in Table 1. 
2.2. Experimental 
An Olympus PMG3 type light microscope was used to investigate the microstructure 
of MMSFs and the quality of the infiltration. Scanning electron microscopy (SEM) 
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investigations and energy dispersive spectrometry (EDS) were performed on 
polished surfaces along distinguished lines by a Phillips XL-30 type electron 
microscope equipped with an EDAX Genesis EDS analyser. The measurement 
started from the matrix materials and crossed the wall of the hollow sphere 
perpendicularly. Thirty points were measured along each line. Each point was excited 
for 15 s with 35 µs detector amplification time. 
The compressive properties were investigated in quasi-static conditions on cylindrical 
specimens. Besides the hybrid reinforcement structure the aspect ratio (height to 
diameter ratio, H/D) of the specimens were varied: the diameter (D) of the specimens 
was 14 mm and the height (H) was 14, 21 or 28 mm (H/D 1, 1.5 and 2 respectively). 
The compression tests were performed on a MTS 810 type universal testing machine 
in a four column equipment at room temperature. The acting surface of the dies was 
ground and polished. The specimens and the dies were lubricated with Locktite anti-
seize material. The test speed was 0.01 s-1. Five specimens were compressed from 
each specimen group up to 25% engineering strain to get representative results and 
to verify repeatability. Overall 90 specimens were compressed (6 material types 
(Table 1) × 3 aspect ratios × 5 specimens). The results were evaluated according to 
the standard concerning the compression tests of cellular materials [41] and the 
characteristic properties (compressive and flow strength, fracture strain, structural 
stiffness and absorbed energies) were determined. 
3. Results and Discussion 
3.1. Microstructure 
The microstructure of the ASFs has to be analysed from two points of view. First, the 
production method (in this case pressure infiltration) should be qualified in terms of 
porosity between the hollow spheres. Secondly, the interface layer between the 
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reinforcement and the matrix material should be investigated, because this layer is 
responsible for the proper load transfer between the constituents and therefore has 
determinative effect on the mechanical properties. The quality of infiltration can be 
investigated by light microscopy. Fig. 2 shows typical areas about 20GC+80GM 
ASFs at low magnifications. The ceramic (light circles) and the metal (dark circles) 
hollow spheres can be easily separated in the grey aluminium matrix. The 
micrographs show almost perfect infiltration, even the smallest cavities between the 
hollow spheres were infiltrated almost completely by the AlSi12 matrix. The 
uninfiltrated void content between the hollow spheres was investigated by optical 
microscopy in different (randomly chosen) sections. According to the microscopic 
investigations the uninfiltrated void content is well below 3% (compared to the volume 
of the matrix). Some broken and therefore filled hollow spheres can be observed in 
Fig. 2, which can occur if a hollow sphere breaks during infiltration or if it is already 
broken before infiltration. In most cases the broken spheres are GM grade, because 
the molten AlSi12 – as a chemically aggressive medium – can dissolve pure Fe from 
the wall and it can lead to the breakage and infiltration of these hollow spheres (Eq. 
1-3). 
)()()( solsolliq AlFeFeAl   (Eq. 1) 
)(3)()(3 solsolliq FeAlFeAl   (Eq. 2) 
)()()( solliqsol FeSiSiFe   (Eq. 3) 
In the case of ceramic hollow spheres the Al content of the matrix can dissolve Si 
from the wall of the spheres according to Eq. 4. 
)()(32)(2)( 3234 solsolsolliq SiOAlSiOAl   (Eq. 4) 
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This diffusion reaction is induced by the Si concentration mismatch between the 
material of the hollow spheres and the matrix. However, this exchange reaction is 
suppressed by the high Si amount in the matrix [82-84]. The investigation of the 
above mentioned and possible chemical reactions directly leads to the detailed 
analysis of the interface layer. The presence and thickness of the interface layer 
between the constituents can be investigated by line EDS analysis. A typical site of 
60GC+40GM+ ASF is shown in Fig. 3. The SEM micrograph of a GM (left) and GC 
(right) hollow spheres near each other and the path of the line EDS analysis (arrow) 
are shown in Fig. 3a, while the chemical composition along the investigated line is 
plotted in Fig. 3b. The SEM micrograph shows unharmed hollow spheres and 
confirms the almost perfect infiltration: the less than 100 µm gap between the GM 
and GC grade hollow sphere is completely infiltrated. The chemical composition 
along the path of the analysis changes according to the composition of the wall and 
the matrix materials. The first few microns were measured in the GM grade hollow 
sphere and shows mainly Fe and some O due to the slight oxidation of the surface. 
Between the spheres the Al content is dominant, but Si peaks can be also observed 
due to the near-eutectic composition of the matrix material. In the GC grade hollow 
spheres the observed Al-Si-O ratio corresponds to the composition of the ceramic 
wall material. Sudden changes can be observed in the chemical composition in the 
interface layers between the GM and GC hollow spheres and the matrix material. 
These short transient zones indicate thin interface layers. The thickness of the layers 
can be estimated from the slope changes of the differentiated Fe and O curves and it 
is 5 µm and 7 µm in the case of GM and GC hollow spheres respectively. 
In summary, the microstructural investigations verify the proper quality of the 
pressure infiltrated ASFs and promises convenient mechanical properties. 
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3.2. Compressive properties 
Typical compressive stress-strain curves of the series of the ASFs with H/D=1 are 
shown in Fig. 4a; the amount of GC hollow sphere content improved the mechanical 
properties significantly. According to the standard [41] the compressive properties of 
the MMSFs can be sorted into strength, deformation and absorbed energy groups. 
The strength of MMSFs can be characterised by the first stress peak (compressive 
strength, σc) and by the strength at a given plastic deformation (similar to yield 
strength, σy). Another important stress property is the plateau strength (σp) that can 
be defined as the average stress between 5% and 25% deformation. The most 
important deformation parameter is the fracture strain (εc) that is the strain at σc. In 
the elastic zone the relation between the stress and strain can be described by 
structural stiffness (S), which is the slope of the initial part of the stress – strain curve 
(dashed line in Fig. 4b). In regards to the energy absorption of the MMSFs in this 
study, the fracture energy, Wc, is the energy absorbed up to the fracture strain, εc (the 
cross-hatched area in Fig. 4b), and the total absorbed energy, W, is the total area 
under the measured stress-strain curve (hatched + cross-hatched area in Fig. 4b). 
The fracture energy and the total absorbed energy may be determined by the 
numerical integration of the stress-strain curves up to the fracture strain, or up to 25% 
strain respectively. The above specified characteristic properties are presented in 
Fig. 4b on the example of 40GC+60GM reinforced ASF having H/D=1. 
Fig. 5a shows the compressive strength of the produced hybrid ASFs in the function 
of aspect ratio and the ratio of the hollow sphere grades. (In the case of pure GM 
reinforcement, significant compressive strength cannot be determined, therefore the 
yield strength is plotted (white bars) for comparison). There are some trends in the 
strength values: the specimens with lower H/D ratio are stronger and the 
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compressive strength also increases with the amount of GC reinforcement. The 
gradient of the latter increment is constant and moderate in the case of hybrid ASFs: 
as the proportion of the weaker, plastically deformable GM fraction decreases, the 
compressive strength increases. In the case of pure GC reinforcement a higher 
increment can be observed: the stronger GC hollow spheres and the lack of 
plastically deformable GM hollow spheres ensure higher strength levels. Exactly the 
same behaviour can be observed in the case of yield strength, as it is presented in 
Fig. 5b. The differences in the plateau stresses are significantly smaller (Fig. 5c), but 
the scatters are larger due to the unique build-up and deformation of each sample. 
However the above mentioned effects can be observed in the average values again. 
In Fig. 4a the comparison of the curves confirms this trend. The ASFs with pure GM 
grade reinforcement behave like conventional metallic foams. They have no 
significant compressive strength, but have a long, slowly increasing plateau region 
and completely plastic deformation. As the proportion of the GC hollow spheres 
increases the significant compressive strength become more and more emphasised 
and the failure mechanism changes to brittle mode with a single, sharp fracture band. 
These failure modes can be also observed in the microstructure as it is presented in 
Section 3.3 (Fig. 9). For better comparison the plotted numerical results are listed in 
Table 2. 
The trends of fracture strain confirm the described effect of hollow sphere grade ratio 
(Fig. 6a, Table 3). As the amount of the GC hollow spheres increases, the fracture 
strain decreases and the failure mode becomes brittle. The aspect ratio also 
decreases the fracture strain: as the shearing effect becomes more intensive due to 
the larger aspect ratio, the fracture occurres earlier [69]. This effect is more dominant 
in the case of higher GC content, because the ceramic materials are more sensitive 
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to shearing forces [68, 69]. The structural stiffness changes inversely (Fig. 6b, Table 
3). The highest stiffness was measured in the case of H/D=2 at the highest GC 
content. The aspect ratio has an almost linear effect on the structural stiffness, but 
the ratio of the hollow sphere grades influences it exponentially with the increment of 
the GC hollow sphere fraction. 
The absorbed mechanical energies are important in the case of safety and 
crashworthiness applications. The mechanical energy absorbed up to the fracture 
strain is called fracture energy. The fracture energy (Fig. 7a, Table 3) is maximal in 
the case of pure GC reinforcement: the strong ceramic hollow spheres ensure high 
compressive strength and high plateau stress level; therefore the absorbed energy 
(the area under the stress-strain curve) is high. As the weaker GM grade hollow 
spheres were added to the system the compressive strength and the fracture energy 
decreased. In the case of higher GM hollow sphere fraction (more than 40%) the 
fracture energy increases again: the decrement of the compressive strength is 
balanced by the higher deformation capability, i. e. the higher fracture strain of the 
ASFs. The higher fracture strain indicates higher integration limits during the 
numerical integration that is aiming the determination of the fracture energy. Due to 
this, fracture energy becomes higher despite lower compressive strength. The same 
behaviour can be observed in the case of the overall absorbed energy (up to 25%, 
Fig. 7b, Table 3). However the expected high energy absorption capacity cannot be 
observed in the case of pure GM hollow sphere reinforcement, due to its very low 
compressive and plateau strength. 
As it is presented above (Fig. 4-7.) the mechanical properties can be altered within 
relatively wide ranges and it is possible to optimise the properties for a given or 
desired application. For future use - and also in the cases of not yet investigated Al 
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alloy matrices - it would be useful if the properties of hybrid ASFs could be predicted 
from the properties of pure GC and GM grade reinforced ASFs in order to save time 
and measurement efforts. The most obvious possibility for this aim is the rule of 
mixtures (Eq. 5). 
GMGChybrid PCCPP )1(   (Eq. 5) 
Where Phybrid is the expected property of the hybrid ASF, C is the fraction of GC 
grade hollow spheres within the reinforcement, PGC and PGM is the property of pure 
GC and pure GM reinforced ASFs respectively. Eq. 5 is a linear relationship and it is 
presented in Fig. 8a and Fig. 8b in the case of yield and plateau strength and in the 
case of structural stiffness and fracture strain respectively. The lines represent the 
rule of mixture and the hashed areas correspond to the average scatter of the 
investigated property. Generally, Eq. 5 gives an acceptable prediction, but one 
important criterion exists: the total volume fraction of the reinforcement must be the 
same in the hybrid ASF and in the pure GC or GM reinforced ASF too. 
Based on the above mentioned descriptions it is worth mentioning that by the 
application of different composite layers with different GC and GM ratio, gradient 
materials can be easily built according to the requirements of given applications. By 
proper mixing, build-up and/or by planned distribution (either one-by-one placement 
or altering ratio) of the different grade spheres, gradient behaviour in different 
direction(s) can be ensured for given parts. This property of hybrid ASFs allows 
application as energy absorbers, hulls, collision dampers or vibration dampers. The 
altering ratio of the reinforcing grades can also ensure unique failure modes built-up 
from the basic failure mechanisms described in the next section. 
3.3. Failure modes 
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Ceramic hollow sphere reinforced MMSFs have three typical failure modes (A, B and 
C) depending on the reinforcement grade, size and on the aspect ratio, as it is 
introduced in [65, 69]. In mode A, two compression cones were formed at the top and 
at the bottom of the specimens. The failure started between the cones: first a few 
hollow spheres were broken, then the compressed zone expanded to a lens-like 
volume where the material was compressed and compacted; the specimen may also 
show some barrelling. The subsequent failure of the hollow spheres ensured high 
plateau strength and large mechanical energy absorption. This failure mode is similar 
to the fracture mode A and B as described by Tao and Zhao in [30] and normally it is 
frequent in the case of H/D=1 for all size of ceramic hollow spheres. In the case of 
mode B failure, one determined shear plane appeared in the specimen. The direction 
of the first rupture closed ~30° angle with the loading direction, as it was also 
observed in [65]. The rupture damaged one row of hollow spheres and divided the 
specimen into two halves. Subsequently, the shear band thickened and large part of 
the material remained unharmed. This confirmed the good damage tolerance and 
damage localising abilities. This failure mode occurred frequently in the case of 
higher aspect ratios, typically H/D=1.5 for GC grade reinforcement – as in our case 
as well. In the case of mode C failure, a cone like volume near to either end of the 
specimen started to deform and densified intensively. Due to this, additional radial 
forces began to act along the surface of the cones that split the specimens typically 
into three or four parts. This failure mode occurred only in the case of the largest 
aspect ratio (H/D=2) and in the case of small (Ø<500 µm) ceramic hollow sphere 
reinforcement, as it was detailed in [69]. 
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The failure modes of MMSFs containing steel hollow spheres were investigated by 
Rabiei and Vendra: plastic deformation of the MMSFs was reported that corresponds 
to mode A failure [17, 58]. 
In the case of hybrid ASFs the combinations of the above mentioned failure modes 
were observed according to the ratio of the hollow grade spheres. As the fraction of 
GC grade hollow spheres increased the failure mechanism turned from brittle 
shearing (mode B, Fig. 9a) through mixed mode (Fig. 9b) to diffuse plastic collapse 
(mode A, Fig. 9c), as presented for 80GC+20GM, 60GC+40GM and 20GC+80GM 
ASFs respectively. All failure modes ensured higher mechanical energy capability 
than conventional metal foams. 
4. Conclusions 
From the above detailed investigations, the following conclusions can be drawn: 
 Pressure infiltration is a convenient method to produce hybrid ASFs with high 
hollow sphere content and low uninfiltrated porosity. 
 The SEM and line EDS analysis highlighted (i) solution of Fe from GM grade 
spheres into the AlSi12 matrix, that can cause damage to the wall and leads to 
infiltrated hollow spheres and (ii) an exchange reaction between the AlSi12 matrix 
and the GC grade spheres, that was suppressed by the high Si content of the 
AlSi12 matrix. The interface layers proved to be thin; the average layer thickness 
was less than 10 µm. 
 The compressive and yield strength as well as the structural stiffness increased, 
while the fracture strain decreased as the GC grade hollow sphere fraction 
increased, respectively. By this nature, the basic mechanical properties of ASFs 
can be tailored properly for a given application. 
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 The absorbed mechanical energies were also influenced by the fraction of GM and 
GC grade hollow spheres and had a local minimum in the case of 60GC+40GM 
reinforcement. In the case of higher GC content the compressive and the plateau 
strengths were higher and therefore the absorbed energies became higher. In the 
case of lower GC content the strengths became lower, but the ductility of GM 
grade hollow spheres could balance and overcome this effect. 
 The failure mode of the ASFs has changed between brittle shearing and plastic 
collapse according to the actual fraction of the hollow sphere grades. 
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Table captions 
Table 1. The measured densities of the investigated MMSFs 
Reinforcement Measured density, ρm (gcm-3) 
100GC (pure GC) 1.833 
80GC + 20GM 1.743 
60GC + 40GM 1.694 
40GC + 60GM 1.649 
20GC + 80GM 1.639 
100GM (pure GM) 1.327 
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Table2. Strength properties and fracture strain of the investigated hybrid MMSFs 
Type H/D 
σc σy σp 
(MPa) (MPa) (MPa) 
100GC 
(pure GC) 
1 114,5±4,01 113,0±4,01 88,1±8,40 
1.5 108,6±2,28 107,8±2,23 80,2±13,6 
2 106,0±4,26 108,7±4,51 75,5±16,6 
80GC 
20GM 
1 86,5±8,12 85,4±7,75 77,7±9,30 
1.5 82,4±7,03 82,0±6,99 70,0±9,82 
2 82,0±7,38 81,4±7,16 64,3±11,6 
60GC 
40GM 
1 77,5±11,1 74,6±11,1 71,2±13,4 
1.5 71,5±6,67 70,7±6,22 68,6±5,43 
2 68,6±9,30 64,7±11,9 62,3±11,2 
40GC 
60GM 
1 70,5±1,91 69,8±2,17 68,1±6,54 
1.5 64,6±4,77 61,1±4,00 66,2±12,9 
2 62,1±9,01 58,3±8,38 59,0±8,99 
20GC 
80GM 
1 65,9±5,05 59,7±7,36 64,5±7,14 
1.5 65,8±2,29 61,3±1,76 61,2±5,57 
2 60,0±3,81 60,0±3,81 57,1±8,45 
100GM 
(pure GM) 
1 35,3±3,33 35,3±3,33 49,3±6,47 
1.5 37,6±1,57 37,6±1,57 48,1±9,18 
2 39,2±1,89 39,2±1,89 47,1±7,36 
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Table 3. Structural stiffness and absorbed energies of the investigated MMSFs 
 
 
 
Type H/D 
εc S Wc W 
(%) (MPa) Jcm-3 Jcm-3 
100GC 
(pure GC) 
1 3,20±0,274 4405±249,3 282,4±29,24 1959±20,3 
1.5 2,68±0,165 5914±355,4 199,1±21,16 1784±50,8 
2 2,25±0,063 7642±591,2 159,9±9,82 1611±51,9 
80GC 
20GM 
1 3,41±0,237 4283±358,9 199,6±27,70 1759±41,3 
1.5 2,63±0,140 5350±157,4 164,0±13,13 1666±49,5 
2 2,40±0,261 6160±291,8 153,0±27,99 1511±30,6 
60GC 
40GM 
1 3,63±0,505 3666±343,0 173,5±38,23 1515±55,2 
1.5 2,80±0,329 4924±140,2 133,1±29,86 1413±90,0 
2 2,72±0,612 4970±713,0 129,7±48,91 1378±63,0 
40GC 
60GM 
1 4,02±0,261 3582±135,6 208,5±17,50 1638±40,9 
1.5 3,72±0,381 4254±262,4 178,2±25,17 1504±67,9 
2 3,30±0,417 4483±846,5 179,2±19,69 1437±74,1 
20GC 
80GM 
1 6,03±0,644 2572±322,6 291,5±29,98 1571±67,2 
1.5 4,98±0,786 3654±266,3 252,8±50,69 1562±49,7 
2 4,46±1,345 4202±514,2 213,7±80,82 1473±77,1 
100GM 
(pure GM) 
1 - 2369±51,9 - 1128±67,0 
1.5 - 3222±14,4 - 1212±63,8 
2 - 3994±108,2 - 1238±33,0 
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Figure captions 
 
Fig. 1. Schematic sketch of the infiltration chamber 
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Fig. 2. Micrographs about typical areas of 20GC+80GM ASFs 
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Fig. 3. BSE image (a) of a GM (left) and a GC (right) grade hollow sphere and EDS 
line-scan profile (b) of 60GC+40GM ASF 
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Fig. 4. Typical engineering stress – engineering strain curves of ASFs (H/D=1) (a) 
and the monitored properties (b) 
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Fig. 5. The average compressive (a) yield (b) and plateau (c) stress of ASFs in the 
function of hollow sphere grade and aspect ratio 
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Fig. 6. The fracture strain (a) and the structural stiffness (b) of ASFs as the function 
of hollow sphere grade and aspect ratio 
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Fig. 7. The fracture energy (a) and the absorbed energy (b) of ASFs as the function 
of hollow sphere grade and aspect ratio 
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Fig. 8. Representation of the rule of mixtures in the case of (a) yield and plateau 
strength and (b) structural stiffness and fracture strain 
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Fig. 9. Macrographs about the failure mechanisms of AFs (a) brittle fracture 
(80GC+20GM), (b) transient failure mode (40GC+60GM) and (c) diffuse plastic 
deformation (20GC+80GM) 
 
